Introduction
Smokeless tobacco use, heavily promoted by the tobacco industry with a half billion dollars per year in advertising, is increasing in the USA and is firmly entrenched in other areas of the world including parts of Scandinavia, Southeastern Asia and Africa (1) . The most common products in the USA, where nearly one in five white adolescent males (18-25 years old) and 7% of all men use smokeless tobacco, are pinches or teabag-like sachets of moist snuff placed between the cheek and gum, whereas in other parts of the world a wide variety of products are used in different ways by hundreds of millions of people (1) (2) (3) . As new products are regularly introduced by the tobacco industry, it seems inevitable that smokeless tobacco use will continue to increase in the USA.
Smokeless tobacco is an accepted cause of oral cavity cancer (1, 4) , with thousands of the estimated quarter million new cases each year worldwide attributed to its use (5, 6) . In USA, the current 5 year survival rate from oral cavity cancer, a disease that can severely diminish quality of life by impairing vital functions such as speech, taste and swallowing, is 61% (7) . Prevention of this dreadful, debilitating and often fatal disease is crucial. Until now, no strong oral cavity carcinogens have been identified in smokeless tobacco.
All smokeless tobacco products contain the carcinogen N′-nitrosonornicotine (NNN), frequently in amounts 100-to1000-fold higher than carcinogenic nitrosamines in other products designed for ingestion such as food or beer (1, (8) (9) (10) (11) (12) . Current levels of NNN in the most popular smokeless tobacco products in the USA range from 1 to 10 µg/g dry weight, whereas in other areas of the world there is great variation from generally low levels in Swedish products to very high amounts in products from Sudan (1, 9, 11, 12) . NNN, with a chiral center at its 2′-position, exists in enantiomeric forms ( Figure 1 ). (S)-NNN is the predominant enantiomer in currently marketed smokeless tobacco products, comprising 57-66% of total NNN in these products (13, 14) . The carcinogenicity of racemic NNN [a 50:50 mixture of (R)-and (S)-NNN] has been demonstrated in rats, mice, hamsters and mink (1, 15) . Tumors were observed at various sites, most commonly in the esophagus of rats, with only a few oral cavity tumors recorded. Carcinogenicity assays of NNN enantiomers have not been reported.
We have previously carried out comparative studies of the metabolism and DNA binding of (S)-NNN and (R)-NNN in rats (16) (17) (18) . These studies demonstrated that (S)-NNN was metabolized by 2′-hydroxylation, a known pathway leading to pyridyloxobutyl (POB)-DNA adduct formation, to a significantly greater extent than (R)-NNN in the esophagus. Further studies demonstrated that DNA adduct formation from (S)-NNN significantly exceeded that from (R)-NNN in the esophagus, oral cavity and liver of F-344 rats treated with the compounds in the drinking water for 20 weeks (16, 17) . These studies strongly suggested that (S)-NNN would be more carcinogenic than (R)-NNN to the rat esophagus and, intriguingly, further indicated that the oral cavity might also be a target tissue for (S)-NNN (16, 17) . Therefore, we carried out a comparative carcinogenicity study in F-344 rats of (S)-NNN, (R)-NNN and racemic NNN, the results of which are reported in this article.
In this study, we demonstrate the powerful oral cavity carcinogenicity of (S)-NNN in the rat, firmly establishing it as the only identified strong oral cavity carcinogen in smokeless tobacco, and a clear target for immediate removal from these products as a concrete step toward prevention of oral cavity cancer.
Materials and methods

Synthesis and characterization of NNN enantiomers
Nornicotine enantiomers were prepared as described (19) , and nitrosated and purified by column chromatography on silica gel as described, providing the pure NNN enantiomers (13) . Racemic NNN was similarly synthesized from racemic nornicotine. The nuclear magnetic resonance and mass spectra of (S)-NNN and (R)-NNN were identical to those of racemic NNN. Specific rotations of the enantiomers were as described previously (13) . Purity as assessed by high-performance liquid chromatography (HPLC) with UV detection was 96.5% for (S)-NNN and >99% for (R)-NNN and racemic NNN.
Bioassay of NNN enantiomers in male F-344 rats
This study was approved by the University of Minnesota Institutional Animal Care and Use Committee. Male F-344 rats, age 6 weeks, were obtained from Charles River Laboratories (Kingston, NY), housed 2 per cage in 98 cages with Harlan-irradiated Corncob bedding (Harlan, Indianapolis, IN) and allowed to acclimate to the Research Animal Resources Facility, University of Minnesota, for 1 week. The rats were maintained under standard conditions (20-24°C, 29-32% relative humidity and 14/10 light/dark cycle). They were fed Harlan Teklad 2018 diet for the first 8 months of the study and then switched to Harlan Teklad 7022 diet (NIH-07) for the remainder; the compositions of these diets are virtually identical. The rats were divided into groups as follows: (S)-NNN, 24 rats; (R)-NNN, 24 rats; racemic NNN, 15 rats and control (tap water), 24 rats. Test compounds were added to the drinking water as follows: (S)-NNN or (R)-NNN, 14 p.p.m. and racemic NNN, 28 p.p.m. Aqueous stock solutions of the test compounds were prepared weekly and stored at 4°C. Stock solutions were analyzed by HPLC using an Agilent 1100 capillary flow HPLC with a diode array UV detector set at 254 nm (Agilent Technologies, Palo Alto, CA). A 4.6 mm × 25 cm Luna 5 µm C18 column (Phenomenex, Torrance, CA) was used with a gradient from 5 to 40% CH 3 OH in H 2 O over the course of 35 min at a flow rate of 10 µl/min. Based on the concentration of the stock solutions, the appropriate dilutions were performed to prepare the drinking water solutions, and the concentrations of the drinking water solutions were confirmed by HPLC. Drinking water was also analyzed after administration to the rats. The average concentrations measured for the three solutions over the course of the study duration were 14 ± 2 p.p.m. for 
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(S)-NNN and (R)-NNN and 28 ± 2 p.p.m. for racemic NNN. Drinking water was changed three times weekly and consumption was measured. Rats were inspected daily and weighed monthly. Doses were calculated from the amount of water consumed in each rat cage and the average weights of the rats in that cage.
Moribund rats were humanely euthanized. Four rats from the (S)-NNN group, three rats from the racemic NNN group and two rats from the control group died unexpectedly and were not subjected to full necropsy. At termination, all animals were evaluated for number of tumors and a complete necropsy was performed. Major organs and gross lesions encountered during necropsy were fixed in 10% formalin. The head, tongue and larynx were decalcified using a commercially prepared decalcifying solution consisting of dilute HCl and ethylenediaminetetraacetic acid (Newcomer Supply, Middleton, WI). Fixed tissue specimens were processed into paraffin blocks using standard histology techniques, sectioned to 4 µm thickness and stained with hematoxylin and eosin. Histology slides were evaluated using light microscopy, and diagnoses were verified by two A.C.V.P.-certified pathologists (C.S.J. and M.G.O'S.). The tongue, larynx, pharynx, oral mucosa, soft and hard palate, and esophagus were methodically evaluated for tumors ≥0.5 mm using a Nikon SMZ 1000 stereomicroscope. Tumor counts were performed blinded as to treatment group.
Statistical analysis
The number of esophageal and oral cavity tumors per rat for each of the groups was assessed using a one-way analysis of variance. We tested (i) the comparison of each of the three treated groups to the control group, (ii) the pairwise differences among the three groups and (iii) the difference between the additive effect of (R)-NNN and (S)-NNN versus racemic NNN. All tests were conducted at the 5% level of significance, and the P values obtained from the pairwise t-tests in (i) and (ii) were Bonferroni adjusted. The additive effect in (iii) was assessed using an F test. Fisher's exact tests at 5% level of significance adjusted for multiple comparisons were used to assess the difference in the proportion of rats with papilloma or carcinoma of the oral cavity (Table II) for each of the three treatment groups and the control group.
Results
The rats in the groups treated with (S)-NNN or racemic NNN began losing weight after 1 year ( Figure 2 ) and had died or were humanely euthanized by 17 months because of decreasing body weights or morbidity. The rats treated with (R)-NNN and the control rats were terminated at 20 months, based on decreasing weights. Total doses were as follows: (S)-NNN, 123 mg/rat, 336 mg/kg body wt; (R)-NNN, 143 mg/rat, 362 mg/kg body wt and racemic NNN, 234 mg/rat, 652 mg/kg body wt.
At necropsy, all rats treated with (S)-NNN had oral cavity tumors. A total of 89 oral cavity tumors were observed in the 20 rats that were subjected to necropsy, including tumors of the tongue, buccal and gingival oral mucosa, soft palate, epiglottis and pharynx. Some of the oral cavity tumors were >4 mm in diameter: tongue (nine tumors); oral (buccal or gingival) mucosa (two tumors); soft palate (four tumors) and pharynx (five tumors). The rats treated with (S)-NNN also had 122 esophageal tumors. The results are summarized in Table I .
In contrast with the results obtained in the rats treated with (S)-NNN, only six oral cavity tumors and three esophageal tumors were observed in the 24 rats that were subjected to necropsy after treatment with (R)-NNN. Comparisons of numbers of oral cavity or esophageal tumors between the (S)-NNN and the (R)-NNN groups or the (S)-NNN and control groups were highly significant (P < 0.0001), whereas the number of these tumors induced by (R)-NNN was not significantly different from controls.
Racemic NNN was also highly carcinogenic to the rat oral cavity and esophagus. All rats treated with racemic NNN had tumors in these tissues. A total of 96 oral cavity tumors and 153 esophageal tumors were observed in the 12 rats subjected to necropsy. The carcinogenicity of racemic NNN in the oral cavity and esophagus was significantly greater (P < 0.0001) than that of (S)-NNN and than the additive effects of (S)-NNN and (R)-NNN. Thus, (R)-NNN acted as a classic co-carcinogen, synergistically enhancing the carcinogenicity of (S)-NNN while itself showing insignificant activity with respect to number of tumors per animal.
The results of the histopathological analysis are summarized in Table II . Oral cavity tissues (but not hard palate) and esophagus were identified as target tissues in this study. Squamous cell carcinoma ( Figure 3) and papilloma of the oral cavity and esophagus were confirmed, and atypical hyperplasia was commonly observed in the rats treated with (S)-NNN or racemic NNN, but much less frequently in the rats treated with (R)-NNN. The proportion of rats with papilloma or carcinoma of the oral cavity was significantly greater in the (S)-NNN-or racemic NNN-treated groups compared with the rats treated with (R)-NNN or untreated (P < 0.01), and was greater in the (R)-NNN group than in controls (P < 0.01).
We also observed squamous cell carcinoma of the hard palate and adjacent tissues in each of two control rats and one (R)-NNN-treated rat. These tumors were considered to be incidental or spontaneous tumors in aged animals.
Adenomas involving the respiratory epithelium of the nasal cavity were observed in 6 of the 20 rats treated with (S)-NNN; one of these rats also had a small olfactory neuroblastoma involving the vomeronasal organ. Respiratory epithelium nasal cavity adenomas were also seen in 4 of the 24 rats treated with (R)-NNN and 3 of the 11 rats treated with racemic NNN, but not in controls. Adenomas of the respiratory epithelium of the larynx were observed in 3 of the 20 rats treated with (S)-NNN, 5 of the 24 rats treated with (R)-NNN and 1 rat treated with racemic NNN, but not in controls. Thus, the significant differences in response to (S)-NNN and (R)-NNN, which were seen in the oral cavity and esophagus, were not observed in the nasal cavity and larynx.
Discussion
The results of this study clearly demonstrate that (S)-NNN and racemic NNN are powerful oral cavity carcinogens in the male F-344 rat. a Because of autolysis, a limited set of tissues (i.e. tongue, pharynx and esophagus) was evaluated from a 12th animal. b Atypical hyperplasia refers to hyperplastic lesions involving the epithelium that are characterized by downward irregular, often finger-like, projections of the basal layers of the epithelium into the underlying tissue; increased mitoses and dysplasia reminiscent of squamous cell carcinoma in situ may also be observed in the most florid representation. c Soft palate was secondarily involved in two control animals and one (R)-NNN-treated animal due to extension from squamous cell carcinoma involving the hard palate and/or nasal cavity.
(S)-NNN is the predominant form of NNN present in popular smokeless tobacco products marketed in the USA. In view of these results, significant reduction of NNN in all smokeless tobacco products is urgently needed. It is well established that NNN requires metabolic activation in target tissues to exert its carcinogenic activity, and the resultant POB-DNA adducts formed upon cytochrome P450-mediated 2′-hydroxylation have been extensively characterized (16) . We recently compared POB-DNA adduct formation in tissues of rats chronically treated with 10 p.p.m. (S)-NNN or (R)-NNN in the drinking water (16, 17) . The results predicted the outcome of this study in that levels of POB-DNA adducts in both the esophagus and oral cavity were significantly higher in the rats treated with (S)-NNN than with (R)-NNN, consistent with earlier metabolism studies (18, 20) . These results demonstrate the critical importance of DNA adduct formation in carcinogenesis by NNN and support their use as predictive biomarkers for oral cancer. Detection of POB-DNA adducts in oral tissues of smokeless tobacco users might be a path to cancer prevention, as intensive cessation efforts and surveillance could be initiated. We have recently developed the technology for analysis of 4-hydroxy-1-(3-pyridyl)-1-butanonereleasing DNA adducts in human exfoliated oral mucosa cells (21) .
Several previous carcinogenicity studies of racemic NNN administered in the drinking water or in a liquid diet to male F-344 rats have been reported. All of those studies resulted in high incidences of esophageal tumors but none produced a significant yield of oral cavity tumors. The doses used in those studies were either so high that survival was significantly shortened by lethal esophageal tumors, preventing observation of oral cavity tumors or were too low to observe oral cavity tumors (22) (23) (24) (25) . In addition, the metabolic activation of NNN in the oral cavity and esophagus is dose dependent with higher efficiency at lower doses (18, 20) . The dose used in this study may have been optimal compared with previous studies for oral mucosal metabolic activation of NNN. In another carcinogenicity study, we applied a mixture of racemic NNN and the related tobaccospecific nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) repeatedly to the rat oral cavity by swabbing (26) . The total racemic NNN dose was about 40% of that reported here. Although the incidence of oral tumors was significant (9 papillomas in 8 of 30 rats), the results were not nearly as convincing as those presented in this article. NNK did not induce oral cavity tumors when swabbed repeatedly in the rat oral cavity (27) . This is the first study to report the strong oral cavity carcinogenicity of any constituent of smokeless tobacco. The most commonly used animal models for induction of oral cavity cancer by carcinogens involve treatment of hamsters with 7,12-dimethylbenz[a]anthracene or either mice or rats with 4-nitroquinoline-N-oxide (28) (29) (30) (31) . Neither of these compounds is present in tobacco. Another approach uses mice treated with dibenzo[a,l]pyrene (32) or its diol epoxide metabolite. Dibenzo[a,l]pyrene has been detected in trace quantities in tobacco smoke but not in tobacco. Benzo[a]pyrene and other polycyclic aromatic hydrocarbons in smokeless tobacco (33) do not induce oral cancer in animal models. It should be noted that carcinogenicity tests of smokeless tobacco itself are exceedingly difficult to perform in a reproducible manner because laboratory animals will under no circumstances use smokeless tobacco voluntarily and repetitively, as it is used by humans. Although some studies using specialized surgical techniques have given positive results, there is no widely accepted model for induction of oral cancer by smokeless tobacco itself (1). Our results provide a new and relevant model of oral cavity cancer induction by tobacco products.
Based on consumption of a half-tin per day (17 g) of a popular smokeless tobacco product (34) containing about 3 µg NNN per gram tobacco (35) and an extraction efficiency of 60% (36) , human exposure to NNN would be about 31 µg/day, compared with the daily dose in rats of about 280 µg/day. The approximate total dose of NNN in 30 years of use would be about 340 mg (5 mg/kg) in a smokeless tobacco user. This compares with a total dose of 123 mg (336 mg/kg) (S)-NNN in this study. It is unclear whether a body weight correction is relevant considering that smokeless tobacco is concentrated in the oral cavity and frequently held at one site.
Cigarette smoking is an established cause of oral cavity cancer (37) . All cigarettes deliver NNN in their smoke, in amounts which range from 5 to 270 ng/cigarette (37, 38) . Levels of NNN in smoke are highly correlated with those in tobacco, and NNN in smoke is predominantly (S)-NNN (14, 39) . About 11% of NNN in smoke is transferred from tobacco during cigarette smoking (39) . The results presented in this study are also likely to be highly relevant to oral cancer etiology in smokers.
It is recognized that target tissues of nitrosamines in rats may not predict those in humans. However, we have observed considerable coherence between NNN and NNK rat target tissues and cancer risk among smokers in the prospective Shanghai Cohort Study. Smokers with the highest levels of urinary NNN or NNAL (a metabolite of the lung carcinogen NNK) had significantly increased risks for esophageal and lung cancer, respectively, supporting the relevance of F-344 rat target tissues of tobacco-specific nitrosamines to those in humans (40, 41) .
In conclusion, the results of this study provide a previously unrecognized and critical link between a tobacco constituent and oral cavity cancer in tobacco users, thus clarifying new approaches to oral cancer prevention. Our results also establish a new and relevant rat model for oral cavity cancer induction. Although the most effective pathway to prevention is avoidance of all tobacco products, it is not always possible due to their addictive properties. The risk:benefit ratio for (S)-NNN in tobacco is infinite. The existing technology to substantially reduce its levels should be applied without delay.
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